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The Measurement and Interpretation of Coastal Cliff
and Bluff Retreat
By Cheryl J. Hapke

Introduction
A variety of techniques for measuring the retreat of coastal
cliffs and bluffs in the United States have been developed and
utilized over the past century. Some of the earliest documentation of cliff or bluff recession is in the Great Lakes region,
where field survey methods were used as far back as the late
nineteenth century (Andrews, 1870; Chamberlain, 1877, Leverett, 1899). Field surveys of the bluffs along the northeastern
U.S. Cape Cod coast were also conducted in the late 1800’s by
Marindin (1889). More traditional methods of measuring recession, such as field surveying, profiling, and standard aerial
photographic techniques, are slowly being supplemented, and in
some cases replaced, with state-of-the-art approaches, such as
digital photogrammetry and light detection and ranging (lidar),
as these newer technologies become more readily available and
affordable.
Commonly, the techniques applied to the measurement of
coastal cliff and bluff retreat have come from techniques developed to measure shoreline change along low-relief and linear
coasts, where erosion or accretion is documented by measuring
the change in the horizontal position of a line on the beach, such
as the wet/dry line (Dolan and others, 1980; Anders and Byrnes,
1991). However, along rocky or bluffed coasts, the coastline
proxy is more adequately defined by the geomorphology of a
particular area rather than a linear datum. In regions of elevated
marine terraces, the recession of the top edge of the cliff may
best describe trends in shoreline change. Along very steep
coastal slopes, the feature that best captures coastline change
may be the base of the slope, the first significant slope break,
or some other geomorphic feature specific to a particular geographic location. In addition to the difficulties associated with
identifying the best feature to measure, there are problems associated with delineating the chosen feature. Examples include
vegetation obscuring the top edge of a cliff, rounding of the cliff
edge due to weathering or overwash processes, rock or rubble
obscuring the base of the cliff, and the lack of continuity of a
distinct feature. Because of the complexities associated with
identifying and measuring the desired geomorphic feature along
cliffed or bluffed coastlines, techniques developed for shoreline
change measurement on low-relief coasts may not be readily applicable.
In addition to measurement and identification errors and
ambiguities associated with accurately measuring long-term

cliff or bluff erosion, there are difficulties in interpretation of the
data and understanding what the data mean and how it can be
applied both for process studies and community planning. For
instance, it is frequently cited that cliff retreat is both spatially
and temporally episodic, but there have been very few studies
that actually quantify this episodicity.
This paper first provides a broad review of traditional
techniques used to measure coastal cliff and bluff retreat in the
United States and then describes some of the modern state-ofthe-art techniques currently being developed to overcome the
limitations of earlier techniques. A discussion of the usefulness
of the various techniques for adequately describing the evolution
of cliffed or bluffed coastlines, as well as errors to expect from
the various methods, is also presented. Finally, the implications
of the spatially and temporally episodic nature of cliff and bluff
retreat are discussed in the context of long-term erosion rate
analyses and how these data frequently do not accurately represent coastal cliff evolution nor predict areas of future erosion
hazard.

Field Methods
As previously mentioned, the oldest published record of
bluff-retreat measurement was by Andrews (1870), who measured the retreat of the bluffs along the Lake Michigan coast of
Wisconsin and Michigan by field survey methods. Soon thereafter, Chamberlain (1877) and Leverett (1899) also conducted
field line-surveys of bluff erosion along the Great Lakes coastlines. In roughly the same period, Marindin (1889) measured
bluff retreat along the Cape Cod coast by similar field survey
techniques. Buckler and Winters (1981) describe data collected
by the U.S. Government General Land Office in 1829 and 1855
along the bluffs of the coastlines of Michigan and Wisconsin,
although these data were never formally published. The field
surveys mentioned above utilized the standard technique of
surveying lines from a fixed position (such as a road, house, or
tree) to the bluff edge (fig. 1). In this method, lines are surveyed
either perpendicular to the cliff edge, or sited along the edge of
a structure to the cliff edge (fig. 1). More recently, Miller and
Aubrey (1981) in Cape Cod, and Buckler and Winters (1981)
along Lake Michigan, to name a few, surveyed the top cliff edge
as measured from a fixed position. Miller and Aubrey (1981)
extended their transects to include profiles of the cliff face.
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Vaughn (1932) used a variation of the line-survey technique
to acquire repeated measurements of the cliff base in southern
California. The measurements were made from fixed points on
the shore platform. Another field technique for measuring cliff
base recession employed in southern California by Lee and others (1976) involved pounding nails in a horizontal position into
the vertical cliff face, and returning periodically to measure recession based on exposure of the nail. Nail or stake techniques
such as these are clearly designed to measure shorter-term surficial erosion rates as a larger mass movement would remove all
the markers in one occurrence. One of the more innovative field
techniques of measuring cliff recession rates was developed by
Emery (1941) who measured the depth of inscribed graffiti on
the face of coastal cliffs in southern California. Emery documented that the lifespan of a 3-mm-deep inscription varied from
6 to 11 years, and thus he was able to establish a rate of surficial
retreat of the cliffs.
Field survey techniques of measuring coastal cliff or bluff
retreat are generally quite precise, and have become more so as
surveying techniques and data have improved. Today, line surveys can be conducted using global positioning system (GPS)
data, which can be as precise as a millimeter or two. While field
surveying may provide the most accurate data on coastal cliff or
bluff retreat, it is limited by the time and expense of mobilizing
a field crew, and by spatial limitations of the data. Even if a series of profiles or survey lines are measured throughout an area,
it is very difficult to get high spatial coverage over a long section
of coast. In most cases, surveys are repeated for a season or two
but it is rare that such data collection lasts beyond several years.
Thus, the data are usually temporally limited as well.

(Gelinas and Quigley, 1973; U.S. Army Corp of Engineers,
1985). In many cases, the oldest paper maps available of
the coast are National Oceanographic Service topographic
sheets (t-sheets) that are land-surveyed maps of the coastal
zone and have a surveyed shoreline, as well as other topographic data. The oldest published t-sheets are from the
mid-1800’s, and coverage exists for most of the coastal
United States from the 1930’s to the 1970’s. The U.S. Army
Corp of Engineers (1985) measured cliff erosion based on
1852 t-sheets and 1982 aerial photography of the southern
California coast. As a result of difficulties identifying and
defining the cliff base, the erosion estimates have an accuracy +12 m. Much of this error comes from the lack of detailed information as to what exactly was surveyed in terms
of the top edge and base of coastal cliffs and bluffs on the
historical maps (fig. 2). Hannan (1975) used U.S. Geological Survey (USGS) topographic maps from 1912 and 1966
along with field measurement to obtain cliff retreat measurements of 5.8 to 16.4 m for the cliffs in La Jolla in southern
California. Much of this range of measurements, however,
falls within the error typically associated with USGS topographic maps (approximately 12 m), and as a result these
data do not record any actual change. Although USGS topographic maps contain elevation information in the form of
contour lines, a contour line rarely represents the top edge
or base of a cliff and therefore they are only appropriate for
measuring changes greater than the contour interval of the
map. Griggs and Savoy (1985) used both historical maps
and uncorrected aerial photographs to obtain erosion rates

Historical Maps
Historical maps have been used in several studies to
measure long-term recession rates of coastal cliffs or bluffs
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Figure 1. A series of transect lines (1-5) are typical of a ground
survey of coastal cliff or bluff retreat. In general, lines are measured
from a permanent object and are either measured perpendicular to
the cliff edge (lines 2, 3, and 4) or are sited along a straight edge such
as the side of a building (lines 1 and 5). Measurements are repeated
in a time series to obtain rates for cliff or bluff retreat.

Figure 2.—A National Oceanographic Survey topographic sheet (tsheet) that was surveyed from 1853-1874 (1:10,000 scale) shows a portion of the inner Monterey Bay, California. The cliffs here are about
30 m high. The high water line was surveyed (dotted line), but there is
uncertainty as to whether the top or bottom of the cliffs were actually
surveyed or simply sketched in by the surveying team.
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for much of the California coast; in their study, the same
methods were used to determine erosion rates for both linear
beaches and cliff edges. Cottonaro (1975) used an innovative approach by obtaining the original survey of a plot of
land above coastal cliffs near Santa Barbara, California,
that included the cliff edge as a property boundary. He resurveyed the cliff edge and was able to use these data along
with the surveyors map to measure cliff retreat. This method provides accurate measurements but is limited spatially
as a function of the original surveys. Overall, historical
maps (t-sheets and older topographic maps) provide the oldest data available for coastal change measurements; they are
readily available, cover large stretches of coastline and are
inexpensive. However, it is cautioned that the errors associated with the use of historical maps may be quite high and
include 8 to 15 m positional errors (Shalowitz, 1964; Ellis,
1978) in addition to errors associated with the determination
of the actual cliff edge, which may result in an additional 12
m error (U.S. Army Corp of Engineers, 1985).

Ground and Uncorrected Aerial
Photography
Shepard and Grant (1947) estimated coastal cliff retreat
in southern California by using ground photographs repeatedly taken from the same location and comparing these with
historical photographs obtained from local residents and
various other sources. This technique allowed for identification of large-scale changes such as arch or sea cave collapse,
but did not provide precise measurements of coastal cliff
erosion rates. Emery and Kuhn (1982) refined the ground
photograph method using data originally collected by Emery
in the 1940’s. They revisited the same locations and were
able to measure cliff face retreat rates at La Jolla, California
of 0.03 to 33 cm/yr, although they did not provide any error
estimates.
Aerial photographs provide the best complete record of
coastal change available to researchers. The earliest aerial
photographs are from the 1920’s and photographs are available from a wide variety of sources including Federal agencies (for example, USGS, U.S. National Archives) as well as
state and local governments. Numerous researchers have used
aerial photography to measure the change in cliff edge position using uncorrected (U.S. Army Corp of Engineers, 1946;
Gelinas and Quigley, 1973; Bokuniewicz and Tanski, 1980;
Buckler, 1981; Griggs and Savoy, 1985; Griggs and Johnson,
1979; Guy, 1999), partially corrected (Thorton and others,
1987; Griggs, 1994) and fully corrected (Moore and others,
1999; Priest, 1999; Hapke and Richmond, 2002) aerial photography to derive their measurements of coastal cliff or bluff
retreat. Although aerial photographs provide a long record of
coastal change, the photographs themselves have inherent distortions and displacements (table 1), which, if not corrected
for, can introduce significant error into any measurements
made from the photography.
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Table 1. Potential error sources in uncorrected aerial photography,
1:12,000 scale.
Error Source
Radial distortion
modern photography
historical photography
Film deformation
diapositive film
contact prints
Tilt displacement
(1 o tilt, 10 cm from photo center)

Error at photo
scale (mm)

Error at ground
scale (m)

0.110
0.4

1.3
4.8

0.005
1-2

0.06
12-24

0.68

8.2

0.66

7.9

Relief displacement
(30-m- high cliff, 4 cm from photocenter)

Characteristics of Aerial
Photography
Distortions and displacements in aerial photography stem
from internal parameters related to the camera system and
from parameters external to the camera system, including the
position of the camera (and hence the aircraft) and the relief
of the terrain being imaged. The internal parameters are those
that relate the geometry of the photograph (image space) to
the geometry of the camera system. The geometries of the
camera and photograph are related by the fiducial marks on
the photograph, the calibrated focal length, and the distortion
characteristics of the camera lens. The distortions resulting
from the camera system are caused primarily by lens distortion and film deformation. All camera lenses have distortions
and optical defects that affect the representation of objects on
film. Lenses typically used today for aerial photography have
as much as 0.110 mm radial distortion (Slama, 1980). Greater
amounts of lens distortion are more common in historical
photographs taken prior to World War II, at which time much
effort was put into the collection of accurate photography and
improved lens quality. This is a particularly important source
of error to consider when using historical aerial photography
(see table 1). Displacements caused by radial distortion are
smallest in the center of the photographs, and thus making
measurements in the center of the photograph will reduce the
error due to radial distortion.
Film deformation can occur during data collection or
during subsequent processing. During an aerial survey, film
buckling can occur as a result of irregularities in temperature,
humidity, or film spool tension in the camera (Slama, 1980).
Additional film deformation can be introduced during development of the original negatives as well as each time prints and
diapositives (transparencies) are made from the original negatives. The end result of these deformations is a photograph that
is no longer accurate with respect to the actual geometric relationship between the fiducial marks and image points in the
photo. Additional distortions to the film depend upon the age
and type of material (glass, film, or paper). Standard diapositive film is generally stable within 0.005 mm (Slama, 1980).
Photographic paper prints (contact prints), however, are far
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less stable and can change in size from 1 to 3 percent during processing alone (Slama, 1980; Wolf and Dewitt, 2000).
Thieler and Danforth (1994) found 1-2 mm of shrinkage or
expansion in contact prints due to age and paper quality. For
aerial photographs at a scale of 1:12,000, this can result in errors of 12 to 24 m (table 1).
The parameters external to the camera system that can
cause points on film to be displaced from their true position
are primarily related to tilt displacement and relief displacement. Atmospheric displacement can also occur, although it
is only of concern in high-altitude aerial photography which is
not commonly used for measuring coastal cliff erosion.
Tilt displacement occurs as a result of changes in the attitude of the aerial camera during the collection of photography.
The aircraft carrying the camera can easily deviate from being
exactly level; the result is a difference in scale across the photograph (see Leatherman, 1983; Moore, 2000). Some degree
of tilt is always present in an aerial photograph, and can produce significant errors (10 to 20 m), even with a tilt as small as
1 to 2o (table 1) (Anders and Byrnes, 1991).
Relief displacement is caused by changes in ground elevation or objects (such as buildings) within a photo such that objects that are closer to the camera are larger (at a larger scale)
than those farther away. The result is a shift in the position of
an object relative to the elevation of the object above a datum
(for example, mean sea level). Relief distortion is a function
of the height of an object, the distance of the object from the
center of the photograph, and the flying height (and thus scale)
of the photography (Slama, 1980; Wolf and Dewitt, 2000). For
example, the relief displacement of the edge of a 30-m-high
cliff located 4 cm (in image space) from the center of a photograph on a 1:12,000 scale photograph is 7.9 m (table 1). Although relief displacement may be negligible along low relief
coasts, it can be a significant source of error when measuring
change along coastal cliffs and bluffs, and must be accounted
for either by elimination with photogrammmetric processing
or incorporation in an error analysis.

Rectified Aerial Photography
The science of modern photogrammetry has been used
for years to remove the inherent distortions and displacements
in aerial photographs in order to make accurate measurements
from the corrected photographs. The first airplane flight to
collect aerial photographs for mapping was in 1913 (Wolf and
Dewitt, 2000). The use of photogrammetry to produce accurate maps escalated during World War II, and advancements
in instrumentation and technologies have continued at a rapid
pace ever since.
Although full orthorectification processing of aerial photography is required to remove all distortions and displacements from aerial photography, the time and cost of such processing can overwhelm a project. Numerous researchers have
instead developed methods to partially rectify photography in
coastal cliff and bluff erosion studies, which lessens the er-

rors associated with the photography but does not completely
remove them.
Leatherman (1983) developed a single-frame resection
technique called “metric mapping” that removes radial distortion and tilt displacement from aerial photography but does
not account for relief displacement. Although metric mapping
was applied primarily to low-relief coasts, extensive mapping
of coastal bluffs in Massachusetts was conducted using this
method (Leatherman, 1983). Griggs and Johnson (1979),
Thorton and others (1987), and Griggs (1994) used comparators to assess coastal cliff retreat in central California. Thorton
and others (1987) employed a stereocomparator to minimize
tilt and relief displacement on aerial photographs of the cliffs
in Monterey Bay. This method incorporates surveyed ground
control points and stereo visualization to accurately adjust
for scale differences within a single photograph in the area of
interest on the photograph. The result is accurate but requires
a large number of ground control points per stereo pair, thus
requiring a substantial amount of field work. Griggs and
Johnson (1979) and Griggs (1994) utilized a monocomparator to measure a time series of coastal cliff retreat in Santa
Cruz. A monocomparator allows a user to measure the distance between two points on maps or photographs of different
scales. This technique requires some field data from which
the maps or photographs are scaled, but it does not adjust the
photographs for any relief or tilt displacement, nor does it accommodate for film or radial distortions. This technique can
be precise, although not highly accurate, for measuring coastal
cliff retreat. It can, however, quickly provide information on
relative change. Comparators are no longer widely used for
photo-interpretation applications.

Digital Stereo Photogrammetry, Lidar,
Digital Terrain Models,
and GIS
Over the past several decades digital photogrammetry,
lidar and geographical information systems (GIS) techniques
have found widespread application among coastal researchers.
Digital photogrammetry is currently the most accurate method
of determining coastal cliff and bluff retreat from aerial photographs, but it is also relatively expensive and time consuming.
Lidar is increasingly being used to document coastal change
(Sallenger and others, 1999), but has not yet been widely applied to coastal cliff and bluff erosion studies. Sallenger and
others (2002) measured coastal cliff retreat from profiles extracted from lidar data, and correlated the cliff retreat to beach
elevation. Like digital photogrammetry, lidar is capable of providing accurate topographic information and has an advantage
in that data are easily collected over large portions of the coast,
but it is still quite expensive. Both digital photogrammetry
and lidar provide data that can be used to produce 3-dimensional digital terrain models (DTMs) of the coast. These models can then be incorporated into GIS to perform any number
of spatial and temporal analyses.

The Measurement and Interpretation of Coastal Cliff and Bluff Retreat
One of the characteristics that currently makes digital stereo photogrammetry a good option for coastal cliff and bluff
erosion studies is that the 3-dimensional models can be viewed
in stereo while the cliff or bluff is being digitized (with some
but not all software packages). Using this technique, there is
little ambiguity as to the exact location of the edge of the cliff,
as the topographic break can easily be seen (Hapke and Richmond, 2002). Moore and others (1999) and Priest (1999) were
the first to apply fully rectifed orthophotographs in cliff retreat
analyses. However, in both studies, the cliff edge was digitized on 2-dimensional orthophotographs. In both cases stereo
models were referred to when there was ambiguity as to the
exact location of the cliff edge. Test studies by the author have
shown that ambiguities as to where the cliff edge is on a 2-dimensional orthophotograph result in placement errors ranging
from 2.5 to 6.3 m. In general, the most common placement
of the cliff edge on 2-dimensional imagery is based on tonal
contrasts between exposed cliff and vegetation. However, on
field inspection, it is common to find vegetation growing over
the edge of the cliff (fig. 3A) or where a portion of cliff has not
eroded in the recent past the entire cliff face may be vegetated
(fig. 3B). Lidar data, which form a network of XYZ points,
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also may present a problem with depicting the exact topographic break of a cliff or bluff edge. In this case, if the edge
falls between survey points, the exact location of the cliff will
not be known, and the resulting model of the cliff morphology
may not reflect the true cliff (fig. 4). Although a closer spacing of points would reduce this error, tighter point networks
result in increasingly large file sizes that are often difficult to
impossible for a standard office computer system to handle.
Digital photogrammetry requires that aerial photographs
first be converted to digital format, which requires a highresolution photogrammetric-quality scanner. The precision
scanning assures that the spatial relationship of objects on the
original film is preserved in the digital conversion. Traditional
desktop and graphic arts scanners do not offer this level of
precision and if used for scanning aerial photographs may introduce additional nonsystematic errors to those described in
detail in the previous section. In order to assess these potential
errors, Hapke and others (2000) designed a study to quantify
the error associated with using a nonphotogrammetric scanner,
as well as using paper contact prints versus dispositive film in
a digital photogrammetric workflow. A grid of photo-identifiable points was constructed on an orthophotomosaic with an
assessed root mean square (RMS) positional error of less than
1 m. Images from the various combinations of media and
scanner sources were processed in a full stereo photogrammetry workflow, and the photo-identifiable points were located
and their positions were measured against the position on
the original orthophotomosaic. The resulting offsets of these
points are shown in table 2, which clearly shows the large error
associated with using contact prints for data analysis. Of importance in analyses of coastal cliffs and bluffs, elevation data

Figure 3. Photographs of vegetated coastal cliffs. A, Thick vegetation growing well over the top edge of a coastal cliff near Natural
Bridges State Beach, California; if the cliff edge were being digitized
in two dimensions on an aerial photograph, it would be very difficult
to pick out the edge. B, Heavy vegetation covers most of this slope at
Seacliff State Beach, California. Although adjacent areas have been
recently active, the cliff edge on this slope would be difficult to isolate
on a two-dimensional aerial photograph.
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(Z) derived from photographs processed using any of these
scanner or media types had significant error, which should be
considered when mapping the 3D evolution of coastal cliffs.
Full stereo-orthorectification processing requires the generation of a DTM (from either stereo aerial photography or
lidar data) that defines topography within the stereo overlap
region of images using a series of points and is required if the
displacement from terrain relief is to be removed from the orthorectified images. Two formats of DTMs may be generated
from stereo images: grid or TIN (triangulated irregular network). The grid is a regularly spaced network of points where
the network spacing must remain constant. Grids are not recommended when modeling areas of rapid topographic changes
(such as coastal cliffs or bluffs), since the spacing of the grid
points may miss the actual edge (fig. 4). In a TIN model,
points can be irregularly spaced. This is advantageous in areas
where a greater density of points is desired to better define the
topography, or points can be deleted in problematic areas (for
example, on vegetation and in water). Another advantage of
TIN models is the ability to add breaklines, which allows for
accurate definition of subtle topographic changes. A breakline
is a manually entered line composed of a series of points that
are incorporated into the DTM. Breaklines can only be added
to the model while viewing in stereo, as the operator must be
able to identify the elevation change in order to correctly place
the line. Breaklines are crucial to accurately defining the topographic signal of narrow or sharp features such as cliff edges
in the surface model.
Three-dimensional data such as DTMs, whether derived
from photogrammetry or lidar, can be incorporated into GIS to
perform a variety of analyses, including measurement of cliff
or bluff retreat rates, spatial and temporal distribution of slope
failure, and calculating area and volume. Hapke and Richmond (2002) used digital photogrammetry and GIS to quantify
not only the linear extents and landward retreat of coastal

Figure 4. A typical cliff or bluff surface is shown with a profile that
would result from an interpolated grid surface derived from photogrammetry or light detection and ranging (lidar) data. Without the
ability to add points to define the exact topographic breaks of the
cliff edge and base (as with a triangulated irregular network, or TIN),
the resulting surface does not accurately represent the true ground
surface and the position of the cliff edge on the interpolated surface
may not be properly positioned.

Table 2. Maximum offsets of test grid points for different scanner

Scanner/media type

Max. X
offset (m)

Max. Y
offset (m)

Max. Z
offset (m)

Graphic arts/diapositive

1.75

2.00

6.10

Graphic arts/contact print

5.47

1.60

6.64

Desktop/diapositive

1.97

1.20

4.55

Desktop/contact print

10.28

9.40

8.50

cliff failure associated with the 1989 Loma Prieta earthquake
versus the 1997-98 El Niño, but were also able to characterize
the types of slope failures and the geologic units involved. In
another study utilizing photogrammetry and GIS, Hapke and
Griggs (2002) processed historical and recent aerial photography using digital stereo photogrammetry to produce DTMs
of areas prone to coastal landslides along the Big Sur coast in
California. The historical DTM is subtracted from the modern
DTM in a GIS to calculate volume losses to the littoral system
over a 52-year period. GIS technology is also used to plot the
spatial distribution of the volume losses and gains; this can
provide information on slope processes and can be correlated
to other spatial data such as lithology and geologic structures.

Interpretation of Coastal Cliff
Erosion Data
Planners for coastal zone management frequently rely on
long-term average erosion rate data when making decisions regarding the use and development of coastal areas. While these
data may aid in comparing relative erosion trends in a regional
sense along cliffed coastlines, they provide little local information on specific hazard zones. This is due to the fact that
coastal cliff and bluff retreat is both spatially and temporally
episodic, at a range of scales.
Probably the most dominant influences on the temporal
distribution of coastal cliff retreat are related to weather variations, such as increased storm intensity and frequency, climate
variations such as El Niños on the U.S. west coast, and fluctuations of water levels due to variations in precipitation or to
long-term sea-level rise. Spatial distributions are more closely
tied to lithologic variations, proximity to active fault zones,
and anthropogenic changes related to land use, irrigation, and
construction practices.
On a short (seasonal) time scale, waves generated by
storms will remove natural protection (for example, blocks and
debris-fan material) from the base of a coastal cliff or bluff
and may also temporarily remove the buffer of a sandy beach
as well. Once the natural protection is removed, waves will
gradually begin to erode basal notches, although only in weaker lithologies will this notching potentially be deep enough
to result in collapse of overlying material in a single season.
Increased pore pressures from rainfall infiltration during a
rainy season may also lead to cliff or bluff failure, and surface
run-off during storms removes loose weathered material and
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may cause rapid gullying in poorly lithified materials. The
short-term impacts of these seasonal processes are spatially
localized, but they occur across vast time scales, and are
thus extremely hard to predict both spatially and temporally.
Detailed field mapping such as measuring locations and
depths of notches, conducting local tests of material strength
variations, and mapping topography may assist in predicting
where a particular section of cliff is likely to fail in the future, but would not enable a good temporal prediction.
Although seasonal storms gradually lead to erosion of
coastal cliff or bluffs, failure or retreat is accelerated when
storm frequency and intensity increase such as during El
Nino years and during longer climatic fluctuations such the
40-year cycle of quiescience with short (6-10 year) periods
of more intense storm activity documented by Kuhn and
Shepard (1980) along the Pacific coast. Several researchers
have documented that storm intensity (Graham and Diaz,
2001) including storm wave heights and periods (Allen and
Komar, 2000) in the North Pacific have been increasing over
the past 50 years. This could result in more energy for waves
to erode along longer reaches of coastline, as those cliffs that
are currently not impacted by wave energy could become
inundated at base level by storm waves. In addition to increased storm activity, seismic shaking from earthquakes can
lead to both instantaneous cliff retreat and accelerated retreat
in the years immediately following an earthquake from weakening of the cliff-forming material (Plant and Griggs, 1990a
and 1990b; Hapke and Richmond, 2002).
Damaging El Niños (on the West Coast) and other extreme storm events (for example powerful hurricanes or
nor’easters on the East Coast) occur on time scales of once
every decade or two, and large earthquakes may lead to
widespread cliff failure along cliffed coastlines in tectonically active regions perhaps once per century. Although
many authors refer to the association of extreme events and
episodic coastal cliff or bluff retreat (Kuhn and Shepard,
1979; Sunamura, 1980; Griggs, 1994), there has been little
quantification and assessment of the spatial distribution of
cliff failures during extreme events.
Recent detailed analyses of coastal cliff erosion along
three individual sections of cliffed coastline in the northern
Monterey Bay, California (Hapke and Richmond, 2002),
show that the increase in storm intensity over the course of
one strong El Niño, or the seismic shaking associated with a
large earthquake, can account for as much as half of the total
average long-term retreat of coastal cliffs. In this study the
spatial and temporal distribution of cliff retreat are quantified
for the decade immediately following the 1989 Loma Prieta
earthquake (magnitude 6.9) and during the 1997-98 El Niño.
The short-term, event-driven retreat of the coastal cliffs is
compared to the long-term signal in figure 5 for three sections of coast within the late-Miocene to Pliocene Purisima
Formation, a poorly indurated sandstone and siltstone unit
forming the coastal cliffs in this portion of the Monterey Bay.
These cliffs average about 25 m in height and are capped by
several meters of unlithified marine terrace deposits.
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The total amount of long-term retreat for a 41-year time
period from 1953 to 1994 (Moore and others, 1999) is shown
in in figure 5 in light gray for the three sections of coastal
cliffs, with the postearthquake decade and El Niño storm
retreat superimposed on the long-term. For Seabright Beach
(top graph), the long-term retreat is uniformly distributed
along the cliff section, very similar to the pattern of cliff failure along that section during the short-term. In the two areas
where the cliff did retreat in the short-term, the amount of
retreat makes up more than half of the total long-term retreat.
This suggests that the long-term retreat shown could have
occurred during two large-scale events, such as the 1982-83
El Niño and (or) the 1989 Lona Prieta earthquake. Furthermore, during a period of climatic and tectonic quiescence,
this section of coast may be fairly stable, and the long-term
rates misleading in terms of what to expect in the future.
The long-term versus short-term retreat for another section of coast, Depot Hill, is shown in the center plot of figure
5. Along this section of coast, both the long- and short-term
retreat occur nonuniformly; the locations where the highest
retreat is measured in the long-term did not retreat in the
decade following the Loma Prieta earthquake, nor did the
cliffs retreat in these particular locations during the 1997-98
El Niño. It appears that for this section of coast, the longterm rates are poor indicators of short-term erosion, and that
“erosion hotspots” shift spatially through time. This shifting
would be expected if one portion of the cliff section undergoes successive failures (making it a hotspot) but eventually
reaches an equilibrium (or quasiequilibrium) profile. In
areas along the Depot Hill cliff section where retreat occurred over all time periods, the decadal and El Niño retreats
combined make up nearly half of the long-term signal, again
supporting the concept that the long-term retreat can be attributed to several large events. The influence of faulting on
the long-term cliff retreat along Depot Hill is also explored,
with the faults shown as small inverted triangles along the
top of the graph. The relationship between the faults and
locations of cliff failure is not consistent. Although a concentration of faults does occur in the area of highest retreat (610
– 630 m), other areas of high retreat occur where there are no
faults (~500 m).
The long-term retreat at Seacliff State Beach (bottom
plot, figure 5) shows a fairly uniform distribution with no
apparent hotspots. In the short-term, of the three study sections of cliffed coastline, Seacliff State Beach experienced
the largest amount of cliff retreat during the 1997-98 El
Niño. This is most likely attributed to the weakness of the
cliff forming material in this location where numerous debris
flows are initiated during high rainfall events (Hapke and
Richmond, 2002). The one stretch of cliffs that did not fail
during any of the time periods (620 – 790 m) is the only location where there is no development on the top of the cliffs,
suggesting that increased runoff and/or lawn irrigation may
be playing a significant role in the retreat of the cliffs. The
long-term record again does not seem to be a consistent indicator of where the cliff is prone to failure in the short-term.
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Figure 5. Long-versus short-term cliff retreat for three study sections of coastal cliffs in Santa
Cruz, Calif. In areas where retreat occurs over both time periods the short-term retreat makes
up nearly half the long-term retreat amounts, suggesting that large-scale events such as
earthquakes and El Niños are responsible for much of the long-term signal. Locations of faults
mapped along the Depot Hill section are shown by inverted triangles along the top of the plot.

The Measurement and Interpretation of Coastal Cliff and Bluff Retreat
Figure 6A shows a schematic plot of the relationship between average long-term coastal cliff retreat and the episodic
short-term pattern of retreat for a particular section of coastline, based on data from Hapke and Richmond (2002). Suna-

mura (1980) constructed a similar plot (fig. 6B), but it shows a
dramatically different pattern in which retreat from the shortterm curve greatly exceeds the the long-term average retreat.
Sunamura bases each short-term retreat episode on a single,
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Figure 6. Two schematic plots show temporal cliff retreat patterns. A, Based on data derived from
the quantification of short-term cliff erosion along the central California coast, the amount of retreat
predicted by the episodic short-term curve is consistent with the amount of retreat predicted by the
long-term average curve. B, In contrast to the plot based on actual data shown in A, Sunamura’s (1980)
conceptual model of long- versus short-term temporal retreat patterns shows that the long-term average
is a poor predictor of the amounts of episodic retreat.
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Table 3. Advantages and disadvantages of measurement techniques commonly used in coastal cliff and bluff
erosion studies.

Technique

Advantages

Disadvantages

Ground Surveys

Very Accurate
Easily repea table

Poor temporal and spatial coverage
Ti me consumi ng ( and therefore

Historical m aps

Inexpensive
Widely available
Very long temporal coverage ( 1850ʼs –
1979ʼs )
Good spatial coverage

Aerial photographs
Unrectified

Rectified
Partially

Fully

Lidar

expensive)
Low accu racy
Ambiguous cliff/bluff edge position

Inexpensive
Widely available
Good temporal coverage ( 1920ʼs –
present)
Good spatial coverage

Low accu racy
Ambiguous cliff/bluff position in 2D

Widely available
Good temporal coverage ( 1920ʼs –
present)
Good spatial coverage
Im proved acc uracy over unrectified

Am biguous cliff/bluff position in 2D
Hardware/software for processing m ay
be e xpensive

Widely available
Good temporal coverage ( 1920ʼs –
present)
Good spacial coverage
Very h igh accu racy
Cliff/bluff edge can be digitized i n 3D

Processi ng tim e consuming
Required software expensive

Good spacial coverage
Very h igh accu racy

Expensive
Poor temp oral coverage
Cliff edge may not be captured in data

documented retreat event in which 12 m of bluff failed during a hurricane on Long Island, New York. This single-event
retreat is then schematically applied to a series of episodic
failures through time.
In contrast, a log-log plot of data derived from the quantification of short-term retreat shows a striking consistency
with the amount of retreat that is predicted by the long-term
average. In this plot, the long-term curve is based on an average long-term retreat of 20 cm/yr (based on data from Moore
and others, 1999), and is projected to 500 years. The shortterm retreat curve is based on data from Hapke and Richmond (2002) that shows for this portion of cliffed coastline
in Monterey Bay, California, the episodic retreat during both
the 1997-98 El Niño and the 1989 Loma Prieta earthquake
is approximately 3 m per event. If the 3-m retreat is applied
episodically every 15 years (average length of time between
damaging El Niños), as well as once every 100 years (approximate large earthquake occurrence), the long-term prediction of
retreat is quite good. However, in the short-term, it is difficult
to know where in the stair-step pattern a particular stretch of

coast is temporally located, and the graph also implies that the
portion of coast repeatedly fails in the same location, which
(as discussed above) does not seem to be consistent with shortterm data. Moore and Griggs (2002) applied a statistical approach to attempt to predict the spatial distribution of coastal
cliff retreat by assuming that those areas that did experience
failure over their 40-year measurement period would be the
least likely to fail over the next 40 years. While this technique provides a useful way of determining locations where a
particular stretch of cliff is unlikely to fail over a certain time
period, it does little to predict the spatial distributions in the
short-term.

Conclusions
Coastal cliff and bluff retreat continues to be a source of
concern for land owners and community planners. Detailed
and accurate measurements of coastal cliff and bluff erosion
are crucial not only for planning and management purposes,
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but also to understand the processes of slope failure and the
factors that drive failure in any given area. A variety of techniques have been developed to calculate cliff and bluff retreat
rates, including repeated ground surveys, determining the cliff
edge position on historical maps and comparing this with recent aerial photography, and state-of-the-art techniques using
digital photogrammetry, lidar, and GIS. Each technique has
advantages and disadvantages over others (table 3). Researchers need to assess what spatial coverage and accuracy are
required for a particular project and choose a technique that is
appropriate. A full error analysis is essential with any quantification of coastal cliff or bluff retreat, and at present this has
been largely ignored in the published literature. A substantial
amount of the published data on coastal cliff and bluff retreat
present values that are more accurate than the error for a particular method. Standard methods of calculating and presenting error should be developed and utilized by the coastal cliff
and bluff research community.
Regardless of the method used to calculate coastal cliff
or bluff retreat rates, the interpretation of cliff retreat data
poses an additional challenge for researchers and planners.
Typically, long-term average erosion rates are derived for a
particular stretch of coastline and the erosion pattern is used to
determine erosion hotspots and (or) hazard zones. However,
quantification of short-term cliff retreat amounts and their spatial distribution suggest that areas identified as hotspots in the
long-term record are not always good predictors of future retreat because the zones of rapid erosion shift spatially depending on the current equilibrium state of the particular section of
cliff.
Cliff retreat amounts determined by averaging over the
long-term appear to be consistent with total retreat that occurs episodically during extreme events. Therefore, long-term
average erosion rates are valid for determination of how much
the cliff will retreat and this is very useful for planning and
management purposes. However, the long-term average retreat
patterns do not provide information on precisely where and
when any given section of cliff will fail in the short-term, and
thus short-term hazard prediction using currently implemented
techniques is difficult.
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